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The field of conventional energy conversion using radioisotopes has almost exclusively focused on 
solid-state materials. Herein, we demonstrate that liquids can be an excellent media for effective energy 
conversion from radioisotopes. We also show that free radicals in liquid, which are continuously generated 
by beta radiation, can be utilized for electrical energy generation. Under beta radiation, surface plasmon 
obtained by the metallic nanoporous structures on Ti0 2 enhanced the radiolytic conversion via the efficient 
energy transfer between plasmons and free radicals. This work introduces a new route for the development 
of next-generation power sources. 
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Particles emitted from radioisotopes can be used to convert the radiant energy into electricity. Radioisotope 
energy conversion for power generation has been intensively studied to develop power sources for wide 
range of applications, from energizing cardiac pacemakers in human body 1 to challenging outer planet 
missions 2 . As compared to various indirect conversion methods, which collect electricity from the secondary 
energy forms of heat or light generated by radiation 3,4 , direct conversion methods produce electric power straight 
from energetic particles 5,6 . Beta particles can produce electron-hole pairs in semiconductors via their loss of 
kinetic energy and can contribute to the generation of electric power 6 . Although potential applicability of radio- 
isotopes in portable power sources that do not require recharging seems very attractive 7 , it has been reported that 
only a small portion of the entire radiation energy can be converted into electrical energy 510 . Moreover, most 
betavoltaic cells suffer from serious radiation damage to the lattice structures of semiconductors and subsequent 
performance degradation due to the high kinetic energy of the beta particles 11 . Alternatively, to minimise lattice 
damage in semiconductors, wide band gap materials are typically used. However, radiation- resistive materials, 
such as SiC and GaN, still show very low energy conversion efficiencies 12,13 . Little improvement has been made 
even after vigorous research on various improvement methods utilizing porous structures 14 , inverted pyramidal 
cavities 15 , and three dimensional silicon pillar structures 15 to increase rectifying junction areas. Although, thus far, 
there is no method for completely avoiding radiation damage to semiconductors, the use of a liquid-phase 
semiconductor material has been introduced as a possible means to overcome the radiation damage and struc- 
tural defect problem 16 . One major benefit of utilising a liquid-phase material is the well-known ability to 
efficiently absorb the kinetic energy of beta particles 17 . 

Since the advent of nuclear power, liquids have been intensively studied for use as a radiation-shielding 
material. Large amounts of radiation energy can be absorbed by water. When radiation energy is absorbed by 
an aqueous solution, free radicals (e.g., e aq ~, 'OH, H', H0 2 ') can be produced through radiolytic interactions 18-20 . 
These free radicals are known to affect the generation of molecular by-products, such as H 2 0 2 and H 2 21-24 . 
However, counterintuitively, the generation of electricity from a solution containing an ample amount of 
absorbed radiation energy has not yet been vigorously studied. Here, we demonstrate a new method for the 
generation of electricity using a device that separates the radiolytic current from the free radicals by splitting the 
water. 



Results 

Design and operating principle of Pt/nanoporous Ti0 2 radiolytic cell. Our water splitter is composed of a 
nanoporous semiconductor coated with a thin Pt film to produce a specially designed metal-semiconductor 
junction (Fig. la). As a suitable semiconductor material for water decomposition, we used a very stable and 
common large band gap oxide material, Ti0 2 , because the use of large band gap oxide materials as a 
semiconducting catalyst can improve the radiolysis yield 25 27 . Nanoporous Ti0 2 was formed by anodising and 
subsequently thermally oxidising a thin Ti film. The large surface area of the porous structure can provide more 
chemical reaction sites than a planar surface. To form a stable Schottky contact at the semiconductor/metal 



SCIENTIFIC REPORTS | 4 : 5249 | DOI: 1 0. 1 038/srep05249 



1 



Figure 1 | Structure and mechanism of the plasmon-assisted radiolytic water splitter, (a), Cross-sectional schematic illustration of nanoporous 
Ti0 2 prepared by anodising and thermally oxidising a thin Ti film deposited on a glass substrate. The thin Pt film is deposited on top of the Ti0 2 
nanopores using an RF sputtering system, (b), Energy level diagram of a surface-plasmon-assisted radiolytic water splitter. CB, conduction band; VB, 
valence band; E F , Fermi energy; e ai ^, aqueous electron; 'OH, hydroxyl free radical; /?, beta radiation. 



interface, a thin Pt film was uniformly deposited using a radio 
frequency (RF) sputtering system. As shown in the band diagram 
of the junctions in Fig. lb, a Schottky barrier of 0.45 eV is formed 
because the Fermi energy (E F ) of Ti0 2 , an n-type semiconducting 
oxide, is 5.2 e V 28 ' 29 while that of Pt is 5.65 eV 30 with respect to the 
vacuum level. To experimentally confirm the Schottky barrier height 
between Pt and Ti0 2 , we performed XPS analysis and measured the 
Schottky barrier height of 0.6 eV between Pt and Pt/Ti0 2 layers. 
When high-energy beta radiation passes through Pt and 
nanoporous Ti0 2 , electron-hole pairs are produced inside the 
nanoporous Ti0 2 . In particular, the holes generated in Ti0 2 move 
toward the Pt/liquid interface and then react with redox couples of 
water molecules, while the electrons are transported through the 
nanoporous Ti0 2 to the other electric contact due to the built-in 
potential at the Pt/electrolyte interface. In general, Ti0 2 is resistant 
to corrosion, but the additional layer of Pt can further protect the 
Ti0 2 layer under the harsh conditions of high pH values that are 
needed for water splitting. In addition, the porosity of the Ti0 2 leads 
to myriad nanoholes in the Pt film, which create localised surface 
plasmons that act as harmonic oscillators in response to an 
oscillating external electric field. Since the first report 31 of the 
generation of surface plasmons on rough metal surfaces by 
electron illumination in 1977, many studies have examined various 
metal structures 32 35 . Surface plasmons excited on the Pt surface can 
produce electron-hole pairs, with the excited electrons transiently 
occupying normally empty states in the Pt conduction band above 
the Fermi energy level. Most of the excited electrons are sufficiently 
energetic to enter the conduction band of Ti0 2 . 

In contrast to photocatalytic cells, high-energy beta radiation in 
our device can produce free radicals in water through the loss of 
kinetic energy. In a meta-stable state, the free radicals are recombined 
into water molecules or trapped in water molecules 36 38 . Thus, the 
free radicals produced by the radiation can be converted into elec- 
tricity by a plasmon-assisted, wide band gap oxide semiconducting 
material using a water splitting technique at room temperature. 

Structural properties of radiolytic electrode. Scanning electron 
microscopy (SEM) images and X-ray diffraction (XRD) data for 
the nanoporous Ti0 2 are shown in Fig. 2. The cross-sectional SEM 
image shows the existence of nanopores 100 nm in diameter and 
1 urn deep with a spacing of 100 nm (Fig. 2a). Figure 2b shows a 
top-viewed SEM image of a 50-nm-thick Pt film coated surface of 
nanoporous Ti0 2 . After Pt deposition on nanoporous Ti0 2 film, the 
size of Pt nanoholes turns out to be approximately 10 — 20 nm 



(Fig. 2b, inset). The density of holes is 3 ~ 5 X 10 9 cm -2 . As 
shown by the XRD data in Fig. 2c, after the as-deposited Ti was 
anodised for 5 min, the intensity of the Ti (002) peak decreased 
compared to that of the Ti (001) peak, indicating the presence of 
vertically arranged uniform nanopores along the <002> direction of 
the Ti. After the anodised Ti was thermally oxidised at 450°C for 2 
hours, the (001) and (002) peaks of Ti disappeared, and a new peak 
(37.24°) corresponding to the rutile crystalline structure appeared, 
indicating that Ti0 2 has a band gap of 3.2 eV 39 . 

Electrical properties of radiolytic cell. Illustrations and photo- 
graphs of the test setup and of the Pt/nanoporous Ti0 2 cathode 
are shown in Figs. 3a and b, respectively. During our experiment, 
gas bubbles on the PET plastic shielding film of the Sr-90/Y-90 
source (Fig. 3a) clearly demonstrated the occurrence of water 
splitting. To evaluate the radiolytic performance of the Pt/ 
nanoporous Ti0 2 electrode in a 1 M KOH aqueous solution, we 
employed a potentiostat. We measured the current density-voltage 
characteristics (Fig. 3c), open circuit voltage and the current density 
at 0 V, -0.1 V, -0.4 V, -0.7 V, and -0.9 V for 1200 seconds each 
under continuous irradiation (Fig. S2). Figure 3c shows the current 
density - voltage (/-V) characteristics for the Pt/nanoporous Ti0 2 
radiolytic electrode (red line) under irradiation. For comparison, we 
measured the radio current of a nanoporous Ti0 2 electrode (blue 
line) under irradiation and the dark current of Pt/nanoporous Ti0 2 
(black line) under no irradiation. While the radio current of 
nanoporous Ti0 2 is slightly larger than the dark current of Pt/ 
nanoporous Ti0 2 , the radio current of Pt/nanoporous Ti0 2 is 
significantly larger than both the radio current of nanoporous 
Ti0 2 and the dark current of Pt/nanoporous Ti0 2 . The radio 
current density of Pt/nanoporous Ti0 2 is saturated at —175.4 uA/ 
cm 2 for 0 V, while the dark current density of Pt/nanoporous Ti0 2 
and the radio current density of Ti0 2 are approximately — 1.051 uA/ 
cm 2 and —0.0719 uA/cm 2 , respectively. At —0.9 V, the radio current 
density of Pt/nanoporous Ti0 2 , the dark-current density of Pt/ 
nanoporous Ti0 2 , and the radio current density of Ti0 2 are 
— 83.336 uA/cm 2 , 70.31 uA/cm 2 , and 2.85 uA/cm 2 , respectively. 
These measurement data are summarized and reshaped into Table 
SI to compare the performance of the irradiated devices with Pt/ 
nanoporous Ti0 2 and nanoporous Ti0 2 . Figure 3d manifests the 
clear difference in output power from devices with and without the 
plasmonic Pt layer. The output power densities (11.59 (iW/cm 2 at 
-0.1 V and 75.02 |TW/cm 2 at -0.9 V) of the Pt/nanoporous Ti0 2 
electrode are higher than the power densities ( — 0.0027 uW/cm 2 at 
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Figure 2 | Radiolytic electrode, (a), Cross-sectional SEM image ofnanoporousTi0 2 on glass. (b),SEM image ofPt-coatednanoporousTi0 2 viewed from 
the top and the inset is a SEM image of a nanohole. (c), XRD data of as-deposited Ti (black line), anodised Ti (blue line), and rutile Ti0 2 (red line). 



— 0.1 V and —2.565 p,W/cm 2 at —0.9 V) of nanoporous Ti0 2 . For a 
radioactive material activity of 15 mCi (±10%), the total number of 
beta particles per unit time is estimated to be 5.55 X 10 s s -1 , and the 
total input power density of the beta particles is 139.238 |iW/cm 2 , 
when the average kinetic energy of Sr-90/Y-90 is 490.96 keV. From 
this data, maximum energy conversion efficiency (;;) of our device 
was approximately estimated to be 53.88% at —0.9 V using 

1 = • , where P md , P chem , and P out are radiation power 

density of source (139.238 (iW/cm 2 ), chemical power density in 
water, and, output power density of device (75.02 uW/cm 2 ), 
respectively. One possible reason for the high output power 
density under irradiation is that a certain level of the EHP 
ionisation energy of beta particles can easily excite electrons 
because the EHP ionisation energy is much higher than the band 
gap of each material while a large portion of the spectrum of solar 
light is below the Ti0 2 band gap, indicating that the Ti0 2 layer does 
not absorb sunlight well. Therefore, beta particles are a reliable 
energy source for electricity generation via water splitting. 

Energy absorption of electron beam in the radiolytic cell using 
numerical simulation. To study the mechanism of the enhanced 
power conversion of beta radiation, we calculated the energy 
absorbed in an aqueous solution using Monte Carlo (MC) 
simulations 40 . The number of electrons utilised in this simulation 
was 10,000, and the kinetic energy of the electron beam was 
546 keV. A beta particle is an electron, e~, or a positron, e + , that is 
generated when the neutron to proton ratio in the nucleus is too 
large, making the nucleus unstable 41 . In this simulation, the 
presence of secondary electrons generated by primary electrons 
was ignored, and the electron beam was defined by a Gaussian 
distribution. The energy absorbed by the Ti0 2 film was calculated 
to be approximately 0.25% of the total energy of the electron beam 
(Fig. 4). In the middle of the water, the absorbed energy was 
approximately 55.57%. Note that the incident beta radiation can be 
scattered and reflected by our nanoporous structure, indicating that 
more energy will be absorbed by Pt/nanoporous Ti0 2 and water than 
expected in this simulation. Beta radiation can create vacancies in 
solids by primary knock-on atoms (PKA). For rutile Ti0 2 , the 
threshold displacement energy is about 47 eV 42 . A required 
incident kinetic energy level of beta radiation for the vacancy 
production can be estimated from the displacement energy 
equation, T m = 2(E + 2mc 2 )E/Mc 2 , where E is kinetic energy of 
beta radiation and c is speed of light, m and M are masses of 
electron and target atom, respectively. Figure S3 shows the 
relationship between the incident kinetic energy of beta radiation 
and the threshold displacement energy. Under beta radiation, the 
threshold displacement energy of 47 eV is equivalent to the 
incident kinetic energy of 271 keV for oxygen and 633.5 keV for 



titanium as shown in Fig. S3. We also found from MC simulations 
that the water can absorb beta radiation of 356 keV. Because the PKA 
damage in Ti0 2 occurs from the kinetic energy over 271 keV as 
shown in Fig. S3, the performance degradation of our radiolytic 
cell might begin with the kinetic energy over 627 keV. Although 
beta radiation from Sr-90/Y-90 includes higher energy beta 
particles than 627 keV as shown in Fig. S4, our radiolytic cell 
didn't show any performance degradation for about 6 hours (Fig. 
S2). Moreover, water can absorb 72.02% of the total kinetic energy in 
emission spectrum of Sr-90/Y-90. To determine the total kinetic 
energy passing through Pt/nanoporous Ti0 2 , we considered the 
directional loss of radiation source. As shown in Fig. S5, the 
directional loss of our radiolytic cell is estimated to be 
approximately 54.88% and the amount of kinetic energy higher 
than 627 keV is only 12.62% of the total kinetic energy of beta 
radiation, indicating that performance degradation of our 
radiolytic cell may not be serious. Here, incident high-energy beta 
particles can excite electrons in the semiconductor via their energy 
loss, which is defined as the electron-hole pair (EHP) ionisation 
energy given by W± ~ 2.8E g + E ph , where E g and E ph are the band 
gap and phonon energies (0.5 £ E p i, £ 1 eV), respectively 43 . For 
Ti0 2 , W± is approximately 9.46 eV. Because the high EHP 
ionisation energy is sufficient for tunnelling through a low 
Schottky barrier at the Ti0 2 /liquid interface, the radio current of 
nanoporous Ti0 2 is lower than the radio current of Pt/nanoporous 
Ti0 2 , as shown in Fig. 3c. When beta particles pass through the Ti0 2 
layer (1 |im), the number of generated EHPs is estimated to be 
approximately 144 per single beta particle, that is, the deposition 
power is estimated to be 0.12 (iW/cm 2 . Although most of the 
EHPs generated within the depletion region are separated due to 
the built-in potential of the thin Ti0 2 layer, the measured output 
power density was much less than the expected values of 75.02 p.W7 
cm 2 at —0.9 V. This result indicates that the EHPs generated in Ti0 2 
via beta radiation are not sufficient to produce the total output power 
density measured in the experiment. 

Generation and behaviour of free radicals under beta radiation. 

To understand the highly enhanced output power, it is necessary to 
understand the details of water radiolysis. High-energy electrons 
passing through an aqueous solution can ionise or excite water 
molecules, forming a number of transition species and stable 

ionising raiation 

products, as shown by the equation H 2 0 ^ e„q~ , 'OH, 

H", HO z - , H 3 0 + , OH", H 2 0 2 , H 2 44 . High levels of these products 
are formed by the absorption of 100 eV in the medium. The 
generated radicals are powerful redox reagents, i.e., e aq ~ is a strong 
reducing agent, H' is an equally strong reducing and oxidising agent, 
and 'OH is a powerful oxidising agent. In water at high pH, e aq ~ and 
'OH are produced in the largest quantities by the beta radiation. The 
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Figure 3 | Radio-current output at the Pt/nanoporous Ti0 2 electrode, (a), Schematic view of the testing setup for Pt/nanoporous Ti0 2 under irradiation 
and a photograph of the Sr-90/Y-90 source with gas bubbles attached to the outer surface of the PET film, (b), Schematic diagram and photograph of the 
Pt/nanoporous Ti0 2 electrode, (c), /- V characteristics of irradiated devices with Pt/nanoporous Ti0 2 (red line) and nanoporous Ti0 2 (blue line) 
radiolytic electrodes and of unirradiated device with Pt/nanoporous Ti0 2 (black line) in a dark room, (d), Power densities of irradiated devices with Pt/ 
nanoporous Ti0 2 (red bar) and nanoporous Ti0 2 (blue bar). The area of the electrode is 1 cm 2 . 



standard potentials of e aq ~ and 'OH are E" (H 2 0/e ai} ~) = — 2.9 V NH e 
and E° ('OH/H 2 0) = +2.7 V NHE , respectively 45 . These two species 
(e ac T and 'OH) react with water molecules during water radiolysis 
and then remain in the aqueous solution. They can then no longer 
react with each other or with surrounding water molecules. Once 
these two species (e aq ~ and 'OH) are solvated in an aqueous solution, 



they can be surrounded by water molecules in a meta-stable state for 
a few (is 45,46 . It is well known that water has a very large dielectric 
constant and consists of polar molecules, which prevent the 
electrostatic attraction between positive and negative charges and 
maintain the separated state of charges surrounded by oppositely 
charged ends of water dipoles. During the long lifetime of solvated 
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Figure 4 | MC simulation of the electron beam in the radiochemical cell. 

(a) , Absorbed energy distribution of the electron beam in the PET 

(20 um)/water (1 mm)/Pt (50 nm)/Ti0 2 (1 um)/glass (1 mm) structure. 

(b) , Cross-sectional view of the absorbed energy intensity at the centre of 
the electron irradiation. 

electrons, beta radiation will continuously increase the number of 
solvated electrons in the water until they finally move to the surface 
of the water, where they are emitted as thermal energy. The floated 
electrons form the negatively charged surface of water 47 . 
Theoretically, water has lower standard potential (E° (H 2 0/0 2 ) = 
+ 0.82 V NHE and E° (H 2 0/H 2 ) = -0.41 V NHE ) than free radicals, 
indicating that electrochemical energy of water is lower than that of 
free radicals. It was also reported that high electrochemical energy of 
solvated electrons (e aq ~) can enable difficult chemical reactions to 
happen 48 . Moreover, the presence of an external electric field or 
electromagnetic field can release the solvated electrons from their 
confined environment of surrounding molecules 49 . This is because 
e a? ~ in water has very small diffusion efficiency (4.8 X 10~ 5 cm 2 /s) 
and electron mobility (1.84 X 10~ 3 cm 2 /V-s) 50 . Solvated electrons in 
water also need to get over the potential barrier of 0.2 ~ 0.5 eV set by 
the surrounding rigid water molecule network. Moreover, because 
water is located between both Pt electrodes (plasmonic layer and 
counter electrode), if same electrochemical reactions occur on both 
Pt surfaces, simply no current flow is expected. 

FDTD simulations of Pt/nanoporous Ti0 2 on glass under an e- 
beam irradiation of 546 keV and optical measurement. One 

available external electric field in our device is the localised electric 
fields from the surface plasmons of the Pt nanoholes. To generate 
surface plasmons on the Pt/nanoporous Ti0 2 radiolytic electrode, we 



performed 3D-FDTD (finite-difference time-domain) numerical 
simulations using a commercially available FDTD code for simu- 
lating electron irradiation 51 . In FDTD, the macroscopic Maxwell 
equations are solved in discretised space and time to follow the 
response of a material to an applied electric field. For a numerical 
investigation of the beta radiation-excited photon emission in Pt/ 
nanoporous Ti0 2 , the electron beam can be modelled as a line 
current density source represented by J(t,r)= — evu z 5(z — vt) 
S(x — x 0 )8(y— y 0 ), where e is the electronic charge, v is the electron 
velocity, (x 0 ,y 0 ) represents the position of the focused electron beam, 
z is the direction of the electron velocity, and u z is the unit vector 
along the z direction. In the simulation, the current density was 
modelled as a series of dipoles with a temporal phase delay (z/v) 
related to the electron velocity, v (in this simulation, v = 0.875c, 
corresponding to the beta particle's kinetic energy of 546 keV used 
in the experiment, and c is the velocity of light in free space). We 
conducted our simulations for three different points denoted 1-3 in 
the middle of a pore, at the side wall of a pore, and between two pores, 
as depicted in Fig. 5a. 

To simulate the near-field electric intensities and emission spectra 
at the different positions, the induced electric field distributions were 
calculated by [E] 2 /[E 0 ] 2 , where E and E 0 are the generated and min- 
imum electric field intensities, respectively, emitted normal and par- 
allel to the Pt surface in the wavelength range of 200 to 700 nm. We 
investigated the near-field intensity distributions on Pt/nanoporous 
Ti0 2 at the different positions under focused electron irradiation 
using FDTD simulations. As shown in Fig. 5b, the highest emitted 
spectral peaks were calculated to occur at wavelengths of 293 nm, 
517 nm, and 376 nm when the electron irradiation is focused near 
positions 1, 2, and 3, respectively. These results indicate that the 
strongest surface plasmon energy (4.23 eV) and field intensity are 
generated when the nanohole is irradiated. Such strong surface plas- 
mons have been observed in Pt nanostructures at similar energy 
levels due to an interband transition of the particles 52 54 . The diffrac- 
tion pattern is also shown for position 3 on periodic Pt/nanoporous 
Ti0 2 . To confirm the surface plasmons, we measured the reflectance 
of Pt/nanoporous Ti0 2 structures using an UV-VIS spectrometer. As 
shown in Fig. 5b, marks 1-3 are the calculated emission spectra of Pt/ 
nanoporous Ti0 2 in water, while mark 4 is the measured reflectance 
of Pt/nanoporous Ti0 2 in air. The reflection peaks (colour dots) of 
mark 4 were found at the similar positions with respect to the simu- 
lated emission peaks shown at marks 1-3. The strongest reflection 
peak (purple arrow) of Pt/nanoporous Ti0 2 is shown at 245 nm 
(5.06 eV) by plasmon resonant coupling in air/Pt nanoholes. To 
understand the surface plasmon phenomena between two materials, 
we have to solve Maxwell's equation for the electromagnetic wave at 
the interface between two materials, which has relative dielectric 
functions Si (= e\ + ie"i = (n! 2 — K! 2 ) + i^niKi)) and e 2 ( = e' 2 
+ ie" 2 = (n 2 2 — k 2 2 ) + i(2n 2 K 2 )) with the appropriated continuity 
relationship. Real and imaginary parts of the dielectric function are 
presented. The nj and Kj are refractive index and extinction coef- 
ficient, respectively, and j is 1 or 2. By boundary conditions, the 
dispersion relation for a wave propagating on the surface is 
,11 

ti> = (ck) ( 1 ), where k (=fc + ifc"), u> and c are the wave 

Ei e-2 

number and the frequency of the wave, the speed of light, respect- 
ively 55 . For k' not to be purely imaginary, e' t = (n! 2 — Kj 2 ) < 0 and 
|s'i| > e' 2 = (n 2 2 — k 2 2 ). Based on this relationship, we have plotted a 
graph shown in Fig. S7. Since the surface plasmon energy occurs 
around \e\\ ~ s' 2 , the surface plasmon wavelengths can be found 
from crossing points on the Pt line (black line). Compared to the 
water/Pt (green/black) interface, the air/Pt (blue/black) interface 
shows the surface plasmon phenomena at a slightly shorter wave- 
length. These wavelengths at the crossing points (red and green dots) 
of water/Pt and air/Pt in Fig. S7 are very close to the wavelengths at 
the strongest reflection peaks (red and green dots) as marked 1 and 4 
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Figure 5 | FDTD simulations of Pt/nanoporous Ti0 2 on glass under an e-beam irradiation of 546 keV and optical measurement, (a), Cross-sectional 
view and top view for different e-beam positions marked as 1-3. In this simulation, d, s, tl, and t2 are 10 nm, 200 nm, 50 nm, and 45 nm, respectively, 
(b), Emission spectra of the Pt/nanoporous Ti0 2 surfaces at positions 1-3. Arrows indicate the highest peak positions. Mark 4 shows the reflection of 
Pt/nanoporous Ti0 2 using an UV-VIS spectrometer. The same coloured dots indicate corresponding peaks of each spectrum, (c-d), Top and cross- 
sectional views of the near-field intensity distributions on Pt/nanoporous Ti0 2 at the top level of Pt nanohole at mark 1 for 290 nm. (e-f), Top and cross- 
sectional views of the near-field intensity distributions on Pt/nanoporous Ti0 2 at the top level of Pt nanohole at mark 2 for 287 nm. (g-h), Top and 
cross-sectional views of the near-field intensity distributions on Pt/nanoporous Ti0 2 at the top level of Pt nanohole at mark 3 for 377 nm. The field 
intensity is shown on a log scale, [E] 2 /[E 0 ] 2 , where E and E 0 are the generated and minimum electric field intensities, respectively. 
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in Figure 5b. Furthermore, the surface plasmon energy at the Pt/Ti0 2 
interface is consistent with a dip (blue dot) near 450 nm. Therefore, 
matched data from the emission peak shown at mark 4 in Fig. 5b and 
the green dot shown in Fig. S7 indicate evidence of plasmon resonant 
coupling in air/Pt nanoholes under e-beam irradiation. There are 
only very small amounts of variation among the two layer calculation 
data (Fig. S7), the multi layer simulation results (Fig. 5b- 1 ~ 3) and 
the experimental data (Fig. 5b-4). In addition, as shown in the elec- 
tron profiles in Figs. 5c-h, the highest electric field intensities can 
trace electron irradiation paths (electric dipoles), and simulta- 
neously, the electric field intensities in the Pt/nanoporous Ti0 2 
structures are also strengthened near the electron irradiation paths 
by surface plasmons generated at the Pt nanoholes. 

Discussion 

Electrons and holes that migrate to the surface of metal electrodes 
can reduce and oxidize the reactants adsorbed on the metal surfaces, 
respectively. The reduction (Red) and oxidation (Ox) reactions can 
produce the reduction current and oxidation current as shown in the 
J-V measurement data in Fig. 3c. The oxidation current density 
(lower red curve) is less than reduction current (upper red curve) 
at 0 V under irradiation, meaning that the reaction Red =>• Ox + neT 
is dominant on Pt/nanoporous Ti0 2 and available electrons are pro- 
vided continuously, whereas the current density data (upper and 
lower black lines) of unirradiated devices seem not much different. 
When the strongly localised electric field oscillates across the Pt 
surface, as illustrated in Figs. 5c-h, the displacement of the electron 
density in the Pt surface by the electric field oscillation generates a 
Coulombic attraction force that can interact with environmental 
molecular ions, meaning that the e aq and 'OH ions surrounded 
by water molecules can escape and attach to the Pt surface via loca- 
lised surface plasmons. However, when the localised surface plasmon 
energy is less than the energy barrier of e aq and "OH, they cannot 
coherently oscillate or escape from their meta-stable state. With 
respect to the vacuum level, the work functions of e aq ~ and 'OH were 
calculated to be 1.6 eV and 7.2 eV, respectively, at pH 0. From the 
FDTD simulations, we obtained surface plasmon energy of 4.23 eV, 
which is 1 .42 eV from the vacuum level and is higher than the energy 
level of e aq , enabling electrons to escape from their meta-stable state 
and the escaped electrons to generate surface plasmons on the metal 
surface 56-57 . In addition, the presence of excited electrons indicates 
that excited holes with the same amount of energy (10.64 eV with 
respect to the vacuum level) exist. These excited holes can interact 
with 'OH on the surface of Pt. The same phenomenon is responsible 
for Forster resonant energy transfer (FRET), in which an excited 
donor transfers energy to an acceptor group through a non-radiative 
process 58 . In fact, the Schottky junction of Pt/Ti0 2 creates a space- 
charge region in the n-type Ti0 2 layer because the electrons diffuse 
from the Ti0 2 side to the Pt side whereas the holes move in the 
reverse direction. In the equilibrium state, an equal amount of elec- 
trons in Pt is trapped at the Pt/Ti0 2 interface and builds up an 
internal electric field (0.45 eV) from the Ti0 2 side toward the Pt 
side, preventing further movement of carriers. When surface plas- 
mons are generated on Pt surface by beta radiation, electrons in Pt are 
pushed towards Ti0 2 by the electric field created from surface plas- 
mons, which is higher than the internal electric field, and holes move 
simultaneously towards the Pt/water surface interface. Accumulated 
holes can attract donors like negatively charged ions or radicals. 
Thus, the strong electric field enhancement can significantly increase 
the number of accumulated holes at the Pt/water interface and create 
a large internal potential difference. With the energy higher than the 
potential barrier (0.2 ~ 0.5 eV) of surrounding water molecules, 
solvated electrons (e aq ~) can be attracted toward the Pt surface 
rapidly in water. Moreover, surface plasmons have a resonance fre- 
quency of a few hundred of GHz in visible wavelength. This means 
that strong Coulombic attraction force oscillates very fast to attract 



e a a in water. When the distance between the Ti0 2 and Pt counter 
electrode is 5 cm, the electric field is approximately 0.09 V/cm and 
the speed of electrons in water reaches 1.6256 X 10~ 4 cm/s. If e aq ~ in 
water is 1 mm away from Ti0 2 , it can move to the Ti0 2 surface in 
603 s and most solvated electrons will not arrive quickly at the Ti0 2 
electrode. Thus, as shown in Fig. S2, a slowly saturated curve of open 
circuit voltage is observed on Ti0 2 electrode under beta radiation, 
while the Pt/Ti0 2 electrode has a very fast saturated curve. The 
electric field of the Ti0 2 electrode is much weaker than that of the 
Pt/Ti0 2 electrode producing the surface plasmon effect, and the 
difference in electric field intensity may affect the collection of e atj ~ 
in water. Once e aq is arrived at the electrode surface, e aq is injected 
without any energy loss because the electrochemical energy is higher 

than the conduction band edge ( — 0.1 0.2 V NHE ) of Ti0 2 . 

In principle, photovoltaic devices, such as dye-sensitised solar cells 
and photochemical cells, use the similar mechanism, but sunlight 
produces very few free radicals because it is composed of photon 
energies that lie primarily in the visible range (380 nm-780 nm). 
Differently, beta radiation many free radicals through the loss of 
kinetic energy in water. Then, the generation of localised surface 
plasmons on the Pt surface by beta radiation can enhance the chem- 
ical reactions involving free radicals produced by beta radiation in 
water. The reflection peak of Pt/nanoporous Ti0 2 at 5.04 eV, and the 
similarity between the simulated emission spectra and measured 
reflection spectrum show that the surface plasmon resonance occurs 
at higher energy than the band gap energy of Ti0 2 , indicating res- 
onant energy transfer between Ti0 2 and surface plasmons 5 " -61 . 
Because the increased population of hot electrons generated by sur- 
face plasmons decreases the thickness of the Pt/Ti0 2 junction and 
increases its junction electric field 62,63 , the narrow junction enables 
carriers obtained from free radicals to efficiently move toward the 
contact metals without carrier relaxation in the thin film. We con- 
firmed that significantly more power from the device with the plas- 
monic Pt layer was produced than that from the device without the 
plasmonic Pt layer. As shown in Fig. SI 2, increased surface plasmon 
energy can effectively transport hot carriers generated on a Pt sur- 
face. Therefore, we can conclude that the high power density 
obtained from our radiolytic cell may be attributed to the conversion 
of continuously generated free radicals with large electrochemical 
energy into electricity by the surface plasmon energy generated at 
the Pt surface. This finding reveals new mechanisms for power gen- 
eration in radiolytic chemical cells. Our unique approach further 
paves the way for producing chemical cells with higher power 
density. 

Methods 

Sample preparation. A 2-um-thick titanium film was deposited on a glass substrate 
using an RF sputtering system, and an area of 1 cm 2 was patterned for an electrode. 
The substrate was cleaned with a standard solvent cleaning process, dried under a 
flow of N 2 gas, and immediately anodised in a 0.01 wt% HF aqueous solution under 
an applied voltage of 40 V for 5 min. Immediately after cleaning and drying the 
anodised Ti films, the substrate was annealed in a convection oven at 450 J C for 2 
hours. A 50-mn-thick Pt film was deposited on the thermally oxidised Ti films using 
an RF sputtering system. A copper wire was connected to the electrode of each sample 
and covered with epoxy to electrically isolate the electrolyte. 

Structural and optical properties. Scanning electron microscopy (SEM) was 
performed using an FEI Quanta 600 FEG extended vacuum scanning electron 
microscope with an accelerating voltage of 10 kV and an energy dispersive 
spectrometer (Noran System Six). X-ray diffraction (XRD) analysis was conducted 
using a Rigaku Miniflex 600 X-ray diffractometer with Cu Ka radiation. The 
reflection spectrum was measured using a Perkin-Elmer lambda 25 UV-VIS 
spectrometer and variable-angle reflectance accessory. 

Electrical properties. Consecutive /- V measurements were collected from 1.0 V to 
— 1.5 V with respect to Ag/AgCl reference electrodes in a three-electrode system at a 
fixed scan rate of 0.05 V/s. The electrolyte solution was 1 M KOH (Sigma Aldrich, 
99%). A radioisotope source (Sr-90/Y-90, 15 mCi) sealed in stainless steel was chosen 
for our experiment. The distance between the electrode and the radiation source 
required to maintain a constant activity of 15 mCi at the surface of the device was 
determined to be approximately 1 mm. A potentiostat (DY2322, Digi-Ivy) was 
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connected to the three (reference, counter, and working) electrodes for data 
collection. All experiments were performed in a dark room to eliminate the effects of a 
photocurrent. In addition, to ensure that the reaction only involved diffused radicals, 
the solution was not agitated. 

FDTD simulation. We used Pt (50 nm)/nanoporous Ti0 2 (1 um) composed of a 
periodic array of nanoholes with a diameter of 10 nm and a depth of 505 nm. The 
electron beam was modelled as a series of closely spaced dipoles with a temporal phase 
delay defined by the velocity of the electron beam. In the absence of a structure, an 
electron beam moving at a constant velocity does not generate any radiation. The 
material properties used in the calculation are based on the dispersion data given in 
refs. 64 and 65. The detailed electron irradiation profiles at the different positions at 
the bottom level of the nanoholes in the supplementary information show the strong 
influence of the Pt/nanoporous Ti0 2 structures on the scattering direction. 
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